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R esearch has indicated reading performance to be a strong predictor of visual ability 1 and vision-related quality of life, 2 and reading speed has been shown to be strongly associated with an individual's reading performance. 3, 4 Reading speed is partially determined by the ability to divide one's effort between word identification and comprehension simultaneously. Perfetti's Verbal Efficiency theory 5 suggests that the allocation of cognitive resources to both word identification and comprehension differs by reading ability levels. It is hypothesized that less proficient readers need to allocate more resources to word identification, while highly proficient readers use more resources for comprehension and allocate less of these resources to word identification. This reduction in the allocation of cognitive resources for word identification comes with reading automaticity-quick and effortless processing-that new readers gain with practice. 6, 7 This automaticity is closely linked to reading speed.
The impetus for the current study is based on the hypothesis proposed by Legge et al. 8 that individuals with decreased vision require cognitive resources, such as the ability to divide attention, above and beyond the levels required in normally sighted individuals in order to gather information for a complex visual task such as reading. Reading models suggest that during a reading task attention is divided between focusing on neighboring words as well as the current word being read. [9] [10] [11] This division of attention is deployed to visual field (VF) locations outside of central fixation, without requiring eye saccades. 12 Normally sighted individuals may have a larger visual span than individuals with visual impairment, requiring the latter group to divide their attention between their functioning and deficient VF. In short, visual impairments may increase the demand on attention reserves by requiring the reader to perform the usual cognitive tasks associated with reading, as well as making sense of confusing or distorted visual input.
To test this assumption, we evaluated reading speed, using a variety of reading tests, in a group of glaucoma patients and normally sighted controls in whom we also used a Brief Test of Attention (BTA) to measure attentional reserve. We hypothesized that readers with higher levels of attentional reserves will have a better ability to reallocate resources for word identification, and thus show smaller decrements in reading speed with greater visual impairment compared with readers with lesser attention reserves who will show more significant decrements in reading speed with greater visual impairment. We further postulate that this effect modification will be greatest when evaluating sustained reading (as compared with short-duration reading) because silent reading is quicker, and thus requires persons to devote more attention toward Copyright 2017 The Authors iovs.arvojournals.org j ISSN: 1552-5783 comprehension, leaving less attention to redirect back toward word identification.
METHODS
Participants were recruited and tested at a subsequent study visit between May 2009 and June 2011 and followed the tenets of the Declaration of Helsinki. Johns Hopkins Medicine institutional review board approval and informed written consent was obtained prior to all study procedures.
Study Population
Patients visiting the Glaucoma Clinic at Wilmer Eye Institute aged 50 years and older, and self-identified as literate and a native English speaker, with no history of eye surgery 2 months prior, and no laser procedure 1 week prior, were recruited into the study. All study participants had to have had central 28 VF tests performed in the previous 12 months with the Swedish interactive thresholding algorithm (SITA) standard testing program. Participants with (1) visual impairments not related to glaucoma, (2) an inability to hold a book at a comfortable reading distance for 30 minutes, and (3) or those with uncorrected hearing impairment precluding speed communication at a normal volume were excluded from the study. Study testing was performed on a scheduled nonclinical visit.
Patients with a diagnosis of POAG, angle closure glaucoma (ACG), pseudoexfoliative glaucoma, or pigment dispersion glaucoma, and presenting Early Treatment Diabetic Retinopathy Study (ETDRS) visual acuity (VA) greater than or equal to 20/40 in better seeing eye were recruited as cases. Visual field test results of a mean deviation (MD) worse than À3 dB and a glaucoma hemifield test (GHT) result of ''outside normal limits'' (in at least one eye), ''generalized reduction of sensitivity,'' or ''borderline'' in both eyes were considered sufficient to indicate VF damage.
The control group comprised of glaucoma suspects and ocular hypertensives with an ETDRS presenting VA of greater than or equal to 20/40 in both eyes and normal VF test results as per criteria defined previously. 9 
Reading
MNRead acuity chart 8 was used to evaluate out-loud reading speeds and consists of over 19 sentences successively diminishing in size. Maximum reading speed and critical print size (derived from nonlinear mixed-effects model) 13 were the parameters calculated from this test. A 170-word IReST 14 passage excerpt was next presented to participants, who were instructed to read it aloud, and time to read the passage recorded. The 30-minute silent reading test, 15 consisting of a 7300-word nonfiction story booklet, was administered to assess sustained reading speeds and change in reading speed over time. Page turns were timed and used to determine reading speeds for each page. After reading this passage, participants completed a short 16 to 20 question quiz based on the material in the story, intended to discriminate between readers who skimmed the passage without comprehension and those who adequately read for content. Details about the design and administration of these tests, 15 and the calculation of the reading parameters from them, have been described in previously published papers. 16 All reading tests were performed with the participants using their habitual correction, if any. Ambient lighting was standardized using a lux meter and maintained at a luminance between 400 and 600 lux at the level of the reading material. Subjects held the reading tests at a distance they deemed comfortable.
Attention
The Brief Test of Attention measured a participant's ability to divide attention. 17 It included a series of 10 trials requiring the participant to mentally count the number of letters in a sequence of letters interspaced with numbers (e.g., X-U-2-B-4) recited by a prerecorded voice. The sequence of letters and numbers increased in length with each trial. A correct response for each trial sequence received a score of '1' and an incorrect response received a score of '0'. Final score assigned to a participant was a summation of scores from the 10 trials.
Vision and Other Covariates
Cognitive function was measured using a truncated version of the Mini-Mental State Exam (MMSE) 18 that excludes questions requiring unimpaired vision. 19 All vision tests were performed with the participants using their habitual correction. Distance VA was determined using ETDRS charts. Contrast sensitivity was tested binocularly using the Pelli-Robson chart, 20 and the number of correctly read letters were used to calculate the log of contrast sensitivity. Standardized questionnaires were used to obtain data on participant demographics (age, race, education, etc.), and medical history to ascertain any comorbidities (e.g., stroke, Alzheimer's disease) or prescription drugs (e.g., antidepressants) that may impact reading or cognition.
Statistical Analyses
Group differences in demographic, health, and vision covariates were examined using the Student's t-test for continuous variables and v 2 testing for categorical variables. Maximum reading speed from the MNRead test was calculated based on a previously described model. 13 Sustained silent reading speed was calculated as the average reading speed over the 7300-word passage. Reading speeds for the MNRead, IReST, and sustained silent test were calculated as words read per minute (wpm). Sustained silent reading speeds were not normally distributed, and therefore were log-transformed. Changes in reading speed over the 30-minute sustained silent reading period were defined as reading speed slope, and were calculated as the changes in reading speed over the 30-minute reading period.
Linear regression models were used to determine the association between vision metrics and average reading speed for the MNRead, IRest, and sustained silent reading tests. Coefficients for logged sustained silent reading speeds were converted to percent difference in this speed for ease of interpretation. For models estimating sustained silent reading speed slope, bootstrapped standard errors were obtained to account for the skewed distribution of model residuals. Covariates were included in multivariable models if they demonstrated a significant impact on either sustained or silent reading speed (P < 0.1) in age-adjusted regression models, or if they had been shown to impact out loud reading speed in previous research. 16 Factors potentially occurring as a result of glaucoma but also related to reading speed outcomes (i.e., poor reading comprehension and depressive symptoms) were not included in primary models, though the sensitivity of major findings to inclusion of these variables was examined.
To assess effect modification by BTA score, regression analyses were stratified by BTA score categories: less than 7 or greater than or equal to 7. This cut point was chosen, as it was the mean BTA score within the study population. Linear regression models, as described above, were used to determine if estimates differed by BTA score strata.
All analyses were performed using STATA 14 (Stata, College Station, TX, USA).
RESULTS
Of the 49 participants in this study, 21 (43%) were controls and 28 (57%) were glaucoma patients. There was no statistical difference between controls and glaucoma patients for any of the demographic characteristics examined (Table 1) . However, VF MD in the better-eye and binocular contrast sensitivity were significantly worse in glaucoma patients than in controls (P value 0.001 for both). Of the reading metrics examined, sustained reading speed was significantly slower among glaucoma patients as compared with controls (P ¼ 0.044). Reading measures of MNREAD and IReST did not differ between glaucoma and control groups. Scores on cognitive tests, MMSE and BTA, did not differ by glaucoma status in this study population (P > 0.146, for all).
Figures 1A through 1C show the unadjusted relationship between reading speeds from MNRead, IRest, and sustained silent tests with BTA score by glaucoma status. For all three tests, these graphs indicate that there is a linear relationship between reading speeds and BTA score, and suggest that the slope of this relationship differs modestly between glaucoma and controls patients.
Results from the primary regression analyses are shown in Table 2 for the full study population. For all three reading tests, there was no significant difference in reading speeds in models comparing glaucoma participants with controls (P ¼ 0.11, 0.20, 0.054 for the MNRead, IRest, and sustained tests, respectively). However, for all three tests, worse VF loss and contrast sensitivity are associated with slower reading speeds (P ¼ 0.03, 0.03, and 0.001 for the MNRead, IRest, and sustained tests, respectively). Worse VA in the better eye was significantly associated with slower reading speeds for the IRest test alone (P ¼ 0.009). For the IRest test, but not the MNRead and sustained silent reading tests, worse MMSE score was significantly associated with slower readings speeds. For the sustained silent reading tests, older age and being AfricanAmerican were associated with slower speeds (P ¼ 0.03 and 0.01, respectively).
Stratified regression analyses were performed to examine potential effect modification of the relationship between visual metrics and reading speed outcomes by BTA score (<7 or ‡7). These models were adjusted for the same covariates as in Table  2 , and results are shown in Figures 2A through 2D and Table 3 . For maximum reading speed on MNRead testing, a decline in log contrast sensitivity (logCS) of 0.1 was associated with a 9 wpm (95% confidence interval [CI]: À16, À2) decline in maximum reading speed among those with BTA scores below the median value. However, for those with BTA scores above the median, this effect was smaller and not statistically significant (b ¼ À2; 95% CI: À6, þ2 wpm). Similarly, for the IRest reading test, a 0.1 decline in logCS was associated with a 12 wpm (95% CI: À20, À4) reading speed decline among those with low BTA scores, but this effect was smaller and not statistically significant (b ¼ À4; 95% CI: À10, þ2 wpm) among those with high BTA scores. Among those with lower BTA scores, sustained silent reading speeds were 39% slower among glaucoma patients, 21% slower among those with worse VF loss, and 19% slower among those with worse CS. However, among those with high BTA scores no such associations were observed with any of the above visual measures (P > 0.18 for all). Changes in reading speed can also be calculated for the sustained reading test. Worse VA was associated with a steeper Bold numbers indicate P values < 0.05. * The association of each vision metric was derived from a separate model including the vision metric and adjusting for age (y), sex, race (African Americans vs. whites), years of education, employment status (employed vs. not employed), and Mini-mental state exam score (per 5 point change). decline in sustained silent reading speed over the 30-minute reading period among those with low BTA scores (À0.47 wpm per 0.1 worsening of logMAR VA; 95% CI: À0.89, À0.05), but not among those with high scores (0.03 wpm per 0.1 worsening of logMAR VA; 95% CI: À1.04, þ1.09).
DISCUSSION
In the studied population, our measure of attentional reserve, the ability to divide attention (as measured by the BTA), modified the relationship between glaucoma-related vision loss and reading speed, measured using a variety of reading tests. For the sustained silent reading test, a greater array of visual measures, including glaucoma status, VF loss, and contrast sensitivity demonstrated a significant effect on reading speed among those with low BTA scores but not in those with high BTA scores. The relationship between VA and the change in reading speed over the sustained silent reading test also differed by BTA score strata, with VA having a significant impact on a decrease in reading speed in the low BTA group as compared with no effect in the high BTA group. These results support the hypothesis that when attentional reserve is diminished, the ability of persons with reduced contrast sensitivity or reduction in other vision measures to read quickly is diminished.
Our results echo prior work that showed that older adults with reduced cognitive resources struggle more with functional tasks. Work by Heyl et al. 21 hypothesizes that these available resources are exceedingly important for individuals with sensory impairments, and older adults with vision impairment are forced to rely more intensively on alternative means such as cognitive resources to reach a goal. 22 These authors found that the link between cognitive resources and everyday functioning was stronger for those with sensory impairment as compared with sensory unimpaired older adults. While many tests are available to characterize and quantify cognitive resources, our findings here suggest that a particularly important cognitive resource with regards to reading is the ability to divide one's attention. Indeed, the importance of this ability makes sense, given that reading is inherently a divided attention task, with attention divided between word identification and comprehension.
It is important to note that we did not observe any significant differences in MMSE or BTA score by glaucoma status (Table 1) . Prior work suggests that older adults with glaucoma are more likely to be cognitively impaired than their normally sighted counterparts, 23-25 but we did not observe this difference within our study population. This is possibly a result of our convenience sampling strategy. It is possible that participants with higher levels of cognitive functioning were more willing to participate in this study than those with cognitive difficulties. These group differences in cognitive measures might have appeared if our study sample included those with a full spectrum of cognitive functioning.
Our results indicate that the ability to divide attention modified the impact of vision loss, as judged by glaucoma status and VF loss, on the sustained silent reading test, but did not significantly modify the impact of vision loss on shortduration out-loud reading tests, such as MNRead and IRest tests. It may be that for out loud reading tests, even a limited ability to divide attention is adequate to effectively complete the task because speaking takes longer than the associated time to mentally process those words being read, such that persons reading out loud are not working at their maximum cognitive capacity. But, for the sustained reading test, the silent reading and mental processing are done simultaneously, and subjects read as fast as they can process the words, and significantly greater attention must be devoted to comprehension.
We found that patients' ability to divide attention affected the relationship between a single measure of vision, distance VA, and the change or slope of sustained reading speed. Brief Test of Attention did not affect the association of contrast sensitivity on change in reading speed unlike the results observed for mean reading speeds on all three tests. It is possible that contrast sensitivity and peripheral vision are needed to establish a baseline or threshold reading speed, but good central VA is important for maintaining that speed over sustained reading periods, at least in those with less attentional reserve. Previous literature examining the relationship between contrast sensitivity and reading performance in glaucoma showed that patients with glaucoma had greater reductions in reading speed with decreasing text-contrast than visually healthy controls with similar cognitive/reading ability. 26 Further research is warranted to determine which aspects of visual functioning are most important for maintaining sustained reading speeds.
Also, while not assessed here, additional research investigating eye movement behavior during the performance of reading tasks and its relationship to the ability to divide attention is needed. A prior study examining reading speed in glaucoma using eye tracking software reported that some patients with advanced glaucoma read slower than controls while other patients did not, and that those glaucoma patients that did read slower exhibited greater text saturation (distance between first and last fixations on lines of text) during reading. 27 They hypothesized that this variability among patients with glaucoma may in part be due to differences in eye movements. Eye movement behavior could be an important paradigm to consider when studying attention in future studies.
There are limitations to this study that should be considered when interpreting the results. First, this study has a small sample size that limited our ability to test effect modification by examining the interaction between glaucoma-related vision measures and BTA score. While results from stratified analyses do support effect modification by level of ability to divide attention, including interaction terms would provide a more robust test of this hypothesis. Additionally, as indicated above, our results may be biased by the convenience sample used in this study. It is possible that participants with higher levels of both reading and cognitive ability were more willing to participate. If this was the case and our research was biased toward recruiting good readers, we likely underestimated the difference in the modification by BTA score. Lastly, our measure of one's ability to divide attention may not fully capture the cognitive reserve that enable reading even in the context of visual impairment. Studies have used multiple cognitive tests to assess cognitive resources, including tests of processing speed, working memory, and ability to divide attention, though all of these were not tested here. In this population, we chose to focus on the measure most likely to capture cognitive reserve, the ability to divide attention, and were able to use a nonvisual test to best assess the ability to divide attention in glaucoma cases and controls. Further work is needed to more fully characterize cognitive reserve among those with more visual impairment to determine if other cognitive domains also modify the impact of vision loss on reading ability. Despite these limitations, this is among the first studies to examine the relationship between attentional reserves and reading performance among older adults. Our results highlight the possibility that reduced cognitive resources, particularly difficulty with divided attention, exacerbates the visual impact on reading abilities among those with glaucoma.
In summary, we conclude that one's ability to divide attention affects the relationship between glaucoma-related vision loss and reading speeds. Findings from this study suggest that this cognitive ability is an important modifier of the effect of vision factors on reading. More work is needed to further examine the interaction between cognitive measures and vision loss on completing other functional tasks, such as walking and other daily tasks. It is possible that interventions aimed at strengthening specific cognitive abilities can maximize functional potential, and enable some visually impaired older adults to gain greater results from low-vision rehabilitation.
